www.frontiersinecology.org © The Ecological Society of America B iological invasions are a potent force for ecological and evolutionary change (Vitousek et al. 1997; Mack et al. 2000) . Temporal changes in the magnitude, speed, and diversity of trade have accelerated the worldwide transport and introduction of nonindigenous species (Carlton 1996; Mack et al. 2000; Levine and D'Antonio 2003; Ruiz and Carlton 2003) . Theoretical models predict a higher likelihood of establishment with higher propagule pressure, which is a function of the size and frequency of inoculation (Williamson 1996; Grevstad 1999) . This prediction has been borne out for diverse taxonomic groups in both aquatic and terrestrial systems (Simberloff 1989; Lonsdale 1999; Ruiz et al. 2000a) .
During the past century, the use of ballast water by commercial ships has created a highly efficient transfer mechanism (vector) for entire plankton communities. Ships take on ballast water from coastal areas, entraining diverse planktonic assemblages that inhabit these areas, which are then discharged en masse at subsequent ports of call (Carlton and Geller 1993; Carlton 1996; Ruiz et al. 2000a,b;  Figure 1 ). For overseas ships arriving to Australia and the US alone, ballast water discharges in each country are estimated to be in excess of 70 million metric tons annually (Kerr 1994; Carlton et al. 1995) , creating a massive transfer of biota across the globe.
Two separate management strategies are being used to limit propagule supply from ships and thereby reduce the likelihood of invasions. Several countries have recently required arrivals from outside their Exclusive Economic Zones (hereafter foreign arrivals) to perform ballast water exchange (BWE) by flushing ballast tanks in the open ocean (Hayden and Whyte 2003; US Coast Guard 2004) . This exchange replaces water of coastal origin with oceanic water, removing most of the coastal organisms; although oceanic organisms are entrained during BWE, these are considered less likely to invade coastal ecosystems. A separate strategy, negotiated as a treaty within the framework of the International Maritime Organization (IMO), sets specific upper limits for total organismal concentrations in ballast water discharge according to size or taxonomic group, including oceanic organisms (IMO 2004) . The IMO treaty is awaiting ratification by member countries and the discharge standards are to be phased in through 2014, replacing BWE.
In this paper, we estimate and compare the effects of these two ballast management strategies on zooplankton propagule supply at a national scale. To date, such a comparison has not been made. Past studies have examined ballast biota at an individual location (Carlton and Geller 1993; Smith et al. 1999) , or used ship arrivals as a proxy for propagule supply (Drake and Lodge 2004) . These analyses have not attempted to forecast changes in propagule supply resulting from current management efforts, either within a port system or aggregated across broader spatial scales. In contrast, MacIsaac et al. (2002) has begun to explore possible effects of BWE, although this initial approach did not include the inherent variability in zooplankton concentrations or discharge volumes between different ships. Here, we focused on ships arriving to the US from overseas, and (a) estimate zooplankton concentrations in unmanaged and managed ballast water, (b) describe ballast water discharge volumes reported to the National Ballast Information Clearinghouse (NBIC), and (c) combine these data to contrast the theoretical distributions of per-ship propagule pressure from ships with unmanaged ballast water, ships that conducted BWE, and ships that meet the IMO discharge standard.
Methods

Zooplankton concentration
We initially measured per-ship zooplankton concentrations in unmanaged ballast water by sampling the ballast of foreign arrivals to two Atlantic and two Pacific US ports. For the Atlantic coast, ships were sampled upon arrival to Baltimore, MD, and Norfolk, VA; for the Pacific coast, ships were sampled in Coos Bay, OR, and Valdez, AK. Zooplankton samples were collected from ballast tanks on the ships (n = 354) using net tows with 80 m plankton nets, and the total number of zooplankton per sample was determined using a stereo-microscope.
To estimate the effect of BWE, the distribution of observed zooplankton concentrations from unmanaged ballast water was reduced by 90%. BWE results in approximately 90-99% volumetric exchange (removal) of the initial water mass, and a 90% removal for coastal zooplankton appears to be a conservative estimate (Ruiz unpublished; n = 30 experimental voyages) .
The frequency distributions of zooplankton concentration for both unexchanged and exchanged ballast water were compared to the IMO discharge standard (< 10 organisms m -3 for biota ≥ 50 m in size; IMO 2004) to estimate the effects of the two management strategies on propagule supply. In addition, we tested the extent to which BWE would increase the proportion of ships meeting the IMO discharge standards, compared to unexchanged ballast water. Since our initial samples were collected with 80 m nets, our estimates are conservative and overestimate compliance with IMO standards, which involve the use of a 50 m size threshold for permissible zooplankton concentrations.
Ballast water discharge
We characterized the distribution of ballast water discharge volumes by foreign arrivals to the US based upon ballast water discharge data reported by ships to NBIC. We used data for all arrivals (n = 21 654) that reported discharging ballast water in the continental US from foreign ports, for the period of July 1, 1999, through June 30, 2004 . This represents approximately 35% of all qualifying arrivals to the US from overseas, based on comparisons with the US Maritime Administration.
Size of individual inocula per ship
We estimated the effect of the two management strategies on total zooplankton discharged per ship. The per-ship propagule pressure, inocula size, is defined as the organismal concentration multiplied by the volume of discharge:
where I is the size of inocula, C is the concentration of organisms, and V is the discharge volume. The theoretical frequency distributions of total zooplankton discharged per ship, (inocula size, I) under each strategy (unmanaged, BWE, and IMO) were estimated by multiplying the respective zooplankton concentrations by all recorded ballast discharge volumes. The zooplankton concentrations for BWE were those previously calculated, and the effect of the IMO was modelled by reducing all concentrations that were ≥ 10 organisms m -3 to 9.999 organisms m -3 .
Results and Discussion
Zooplankton concentration
Zooplankton concentrations in unmanaged foreign ballast water exhibited a highly skewed distribution, with most samples containing < 3000 organisms m -3 and 1.1% of ships with concentrations > 50 000 organisms m www.frontiersinecology.org © The Ecological Society of America discharge guidelines (Z = 5.960, P < 0.001), we estimated that the percentage of ships meeting the IMO guidelines would only increase from 3.8% to 17.2% with BWE ( Figure 2b ). The estimated reduction of total zooplankton by BWE is conservative for two reasons. First, our approach estimated residual concentrations for coastal species and does not account for oceanic organisms, which are entrained during the process of exchange. Second, our estimates of zooplankton concentrations do not account for some zooplankton below 80 m in size (see Methods). Although our analyses indicate that the IMO standards would result in a greater reduction in zooplankton concentrations than BWE for the majority of ships, this should not serve to undermine the value of BWE in reducing transfers of coastal organisms, which are generally viewed as a greater concern than oceanic organisms. At the present time, BWE is the only management strategy available to ships throughout the world, requiring no new technologies. Development and testing of technologies to meet the IMO standards are still underway, and it is likely to be many years before these are available for implementation on all vessels.
Ballast water discharge
Most foreign arrivals to the US that reported to NBIC discharged small volumes of ballast water (< 1500 m 3 ), and only 5% discharged > 20 000 m 3 (Figure 3a) , with a maximum reported discharge of approximately 103 000 m 3 .
Although our primary interest in discharge volumes is to estimate total zooplankton per discharge (see below), the frequency distribution of discharge volumes is also especially relevant to the development of technologies for the treatment of ballast water. Specifically, concerns over the feasibility of ballast water treatment have focused primarily on the large volumes of ballast water used on some vessels, and the rapid rate at which this water is moved on or off ships. Our data, however, indicate that only a small proportion of vessels discharge large volumes, so the constraints on treatment options for many ships may not be as great as previously thought.
Size of individual inocula per ship
Despite the fact that most ships had relatively low zooplankton concentrations and small ballast water discharge volumes, when these are combined to estimate total zooplankton per discharge event, 95% of unmanaged inocula contained > 10 5 organisms, and over 25% of inocula contained > 10 8 organisms (Figure 3b ; Table 1 ). BWE is estimated to reduce the size of coastal zooplankton inocula by one order of magnitude, shifting the mean dosage from 10 7 to 10 6 propagules ( Table 1) . Implementation of the IMO standards should result in a further reduction, lowering the median dosage one order of magnitude and the mean dosage two orders of magnitude below BWE (Table 1) . With successive reductions in propagule pressure from BWE and the IMO standards (if fully implemented), we expect a decreased risk of new invasions. Even with the more stringent IMO standards, however, per-ship discharges in excess of 10 6 total zooplankton remain possible (Table 1) , as a result of the large ballast discharge volumes of some ships. Moreover, the size and frequency of ship discharges to individual port systems are additive in terms of propagule delivery, and may operate in concert to affect the risk of invasions.
It is not surprising that ballast water has emerged as an important vector of marine invasions and also as a focal point for international efforts to minimize future invasions. Not only are ballast-mediated inoculations large, resulting in some high-impact invasions, but unlike many nonindigenous species vectors, ballast water operates to simultaneously transfer entire ecological communities, including viruses, bacteria, phytoplankton, zooplankton, fish, and macrophytes (Carlton and Geller 1993; Smith et al. 1999; Ruiz et al. 2000a,b) . Moreover, these transfers occur on a global scale, driven by international commerce and involving ships that operate throughout the world. This has set the stage for a global, coordinated approach to ballast water management for commercial shipping.
The overall strategy being used to reduce propagule Proportion of discharging ships colonize (as described above). Although species richness and evenness of ballasted communities are important in defining invasion risk, both among ships and recipient ports, the effort required to adequately characterize species assemblages in each ballast tank and to interpret associated risk is widely viewed as impractical. Instead, vector management has been adopted as a precautionary approach and a more efficient means of reducing invasion risk for ships' ballast, since this is aimed at limiting abundance of all species (Ruiz and Carlton 2003) . Using vector management, the IMO has advanced discharge standards for several different taxonomic groups that seek to limit permissible concentrations in ballast water released in coastal waters. For zooplankton, our results indicate that this standard will result in a substantial reduction in concentrations, beyond that provided by the current management strategy, BWE. It is important to note that our analysis is confined solely to waterborne zooplankton. We have not yet compared the effect of the IMO standards to current practices for (1) smaller organisms across several taxonomic groups (ie phytoplankton, protists, bacteria, and viruses), including some that are found in biofilms, or (2) benthic organisms and resting stages at the bottom of ballast tanks. While BWE may be less effective at removing organisms associated with biofilms and bottom habitats, compared to planktonic organisms, the relative magnitude of discharge from these sources may also be low and remains largely unquantified at present. concentrations and per-ship inocula size should reduce the number of new invasions, since the likelihood of establishment increases as a positive function of inocula size (Simberloff 1989; Williamson 1996; Grevstad 1999; Lonsdale 1999; Ruiz et al. 2000a ). Although it is generally known that lower propagule supply reduces the risk of invasions, a more precise (quantitative) ability to predict the invasion risk associated with specific levels of propagule supply is currently lacking for zooplankton, phytoplankton, protists, and other marine taxonomic groups. Not only are such dose-response relationships unavailable for marine or freshwater species in a specific ecosystem (port), but developing robust predictions is especially complicated for ballast water inocula, which involve thousands of species. Because of the complex nature of shipping and the associated planktonic assemblages, there is considerable uncertainty about the species composition and abundance of any ballast water discharge (Verling et al. in press ). For many (perhaps most) of these species, very little is known about environmental tolerances and ecological requirements, which will influence their ability to colonize (Lonsdale 1999; Ruiz and Carlton 2003) . The existing gap in our understanding of quantitative dose-response relationships for ballast inocula presents a serious challenge in identifying specific standards (either concentrations or per-ship discharge) for ballast water management.
It is noteworthy that current ballast management strategies target the vector rather than individual species. This approach has emerged because of the vast number of species available for transport in ballast, combined with the high level of uncertainty about which species are present in any particular ballast tank and their potential to Conclusions This analysis provides a first quantitative estimate of the zooplankton propagule supply in ballast water at a national scale, highlighting changes to per-ship inoculations that result from emerging management strategies. For zooplankton, we find the IMO strategy yields a substantial reduction in propagule supply compared to the present BWE strategy. With successive reductions in propagule pressure from BWE and the IMO strategy, if implemented, we expect a decreased risk of new invasions, because a positive relationship exists between propagule supply and the likelihood of establishing non-native populations (Simberloff 1989; Williamson 1996; Grevstad 1999; Lonsdale 1999; Ruiz et al. 2000a) . Nevertheless, predicting the magnitude of risk reduction and the risk associated with particular organismal concentrations depends upon as yet undefined dose-response functions in marine ecosystems (Ruiz and Carlton 2003) . Understanding the quantitative effects of density, magnitude, and frequency of inoculation on invasion outcome is a major challenge for invasion ecology and a high priority for advancing effective management strategies.
